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UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT

cm centimeter

GHz gigahertz

g gram

g/em®  gram per cubic centimeter
kHz kilohertz

MHz megahertz
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pet
pm
Q

°C
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degree Celsius
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A TECHNIQUE FOR MEASURING THE DIELECTRIC PROPERTIES
OF MINERALS AT MICROWAVE HEATING FREQUENCIES
USING AN OPEN-ENDED COAXIAL LINE

By J. B. Salsman’ and S. P. Holderfield®

ABSTRACT

As part of the research effort on investigating the effects of microwave energy on the chemical and
physical properties of minerals and ores, the U.S. Bureau of Mines (USBM) Tuscaloosa Research
Center has conducted research to measure the dielectric properties of these materials, The objective
was to establish a reliable database for use in predicting the effects of microwave heating on a wide
range of minerals.

The dielectric constants and loss factors of minerals, commonly referred to as the dielectric prop-
erties, were determined utilizing the theory of microwave propagation through an open-ended, air-filled
coaxial line that was terminated at its open end with the particular mineral under investigation.

In this phase of microwave research, the USBM measured the dielectric properties of powdered min-
erals with medium to high electrical conductivities in the frequency range of 300 MHz to 3 GHz and
as a function of temperature from 25 to 325 °C. Since the minerals were prepared as powders, tech-
niques were used to relate the measured dielectric properties of the powdered minerals to the dielectric
properties of the mineral at its theoretical or natural density.

ipjectrical engineer, Tuscaloosa Research Center, U.S. Bureau of Mines, Tuscaloosa, AL (now with Salt Lake City Research Center, U.S. Bureau

of Mines, Salt Lake City, UT).
“Chemical engineer, Tuscaloosa Research Center.



INTRODUCTION

Major research efforts are underway worldwide on the
use of microwave energy in various processing techniques,
Deterrents to these research efforts are the lack of suf-
ficient data on the electrical properties of materials (in-
cluding minerals), and the lack of personnel trained in
microwave heating technology. It is very likely that micro-
wave energy may offer many advantages to minerals bene-
ficiation and processing techniques; however, it is difficult
to exploit these advantages without an understanding of
the electrical properties of minerals. As part of its mission
to advance research in processing techniques, the U.S.
Bureau of Mines (USBM) is studying the use of micro-
wave energy.

The electrical properties of a mineral are those prop-
erties that characterize how that mineral is affected by
an electric field, and these properties may, and often do,
change with frequency. The electrical properties of min-
erals are also temperature dependent, At the microwave
heating frequencies of 300 MHz to 3 GHz these properties
are referred to as the dielectric properties of minerals,
namely the dielectric constant and the loss tangent. The
dielectric constant determines how much energy can be
stored in a material, while the loss tangent is proportional
to the amount of energy that is converted to heat. The
product of these two terms, the loss factor, determines
how well a material will absorb microwave energy.

Currently, a hiatus exists in the literature on the di-
electric properties of minerals at microwave heating fre-
quencies (I-4)> One important reason for this lack of

data is that until the recent development of advanced elec-
tronic equipment such as the network analyzer, it was
very difficult to develop successful measuring systems in
this frequency range. This range is too high for radio-
frequency techniques and is at the low-frequency end of
the microwave spectrum. However, it is this frequency
range that is of interest, for it includes the frequencies
allocated by the Federal Communications Commission for
use in industrial, scientific, medical, and domestic appli-
cations (915 MHz, 245 GHz, and 22 GHz); the widely
used microwave heating frequencies are 915 MHz and
2.45 GHz.

Microwave technology is beginning to find many suc-
cessful uses in industrial applications other than food prep-
aration or communications. Recent investigations of the
use of microwave energy as a heat source in materials-
processing techniques have shown several advantages over
conventional methods of heating. For example, studies
conducted on microwave processing of ceramics and com-
posite materials have shown improved microstructural
properties in the final product along with a reduction in
energy requirements and processing times (5-7). But re-
search is limited in this area because the dielectric prop-
erties of minerals and most materials at microwave heating
frequencies are virtually unknown. In order to predict
whether microwave energy may be a viable tool for use in
the minerals industry, these properties must be known,
otherwise trial and error methods are the only alternative.

MEASUREMENT OF THE DIELECTRIC PROPERTIES OF MINERALS

The USBM Tuscaloosa Research Center has developed
several methods for measuring the diclectric properties
of materials at microwave heating frequencies. The meth-
od described in this report involves placing the material
under investigation at the end of an open-ended coaxial
line and measuring the reflection coefficient at the mate-
rial and coaxial line interface. A network analyzer can be
very instrumental in performing this type of reflection-
coefficient measurements. This method is very versatile
since measurements can be performed at microwave heat-
ing frequencies, and it is capable of measuring liquids,
solids, and powders. This method is also capable of meas-
uring the dielectric properties of minerals as a function of
temperature and density, which significantly adds to the

3Italic numbers in parentheses refer to items in the list of references
preceding the appendix,

overall effectiveness of the measurement system. How-
ever, measurements of the dielectric properties of mate-
rials having small losses can not be performed accurately
using a one port, open-ended coaxial method because of
the fringing fields associated with this type of system. This
system can measure the value of the dielectric constant
quite accurately for low-loss materials, but the value of the
loss factor becomes random.

THEORY OF MEASUREMENT

The method of measuring the dielectric constant, ¢,
and loss factor, ¢, involves placing the mineral sample,
shown as a load in figure 1, at the end of an open-ended
coaxial line and measuring the complex reflection coeffi-
cient, I, at the end of the line. From I*, the dielectric
properties can be determined.



Figure 1
A
] |
AN : " =
N
- § | Coel- J Cf ]
) A\ U I 7 |
7, 7727 | | Z
T | “L
S, Jd

Egquivalent circuit of a sample at the end of a coaxial line.

The complex reflection coefficient, I'*, can be expressed
in terms of the characteristic impedance of a coaxial line,
Z,, and a load impedance, Z;, as follows (8):

Z; - Z,

™= _—___2,
ZL"'Zo

M

From the model of figure 1, the load impedance is rep-
resented as two capacitors in parallel, one of which is
written in terms of the complex dielectric constant. Basic
circuit analysis shows that the equivalent load impedance
can then be expressed as (9)

2 s ©
jo(Cog, + Cp)
where w = the angular frequency, 2nf,
f = measurement frequency,
C,and C;, = fringing capacitances associated

with the coaxial line,

i =~/-'T.’

complex dielectric constant of the
material at the end of the line.

and £,

Substituting the value of the load impedance of equa-
tion 2 into equation 1 yields an expression for the complex
reflection coefficient in terms of the complex dielectric
constant, ¢,

1 - jwZy(Coer + Cp)
1+ jwZy(Coer + Cy)

r* = 3

Rearranging equation 3 and solving for the complex di-
electric constant yields

" 1-1* . Cf
- PN

£ = - ~ C
wZ,Col + T Co

However, it is necessary to extract from ¢, the values
of ¢/, the diclectric constant, and ¢, the loss factor.
This can be accomplished by expressing ¢,” with real and

imaginary parts,

/ W/
e: =& = JE (5)

Similarly, the complex reflection coefficient can be
written as

T* = Tcosp + jTsing, 6)
where T' = magnitude of the complex reflection
coefficient,
and ¢ = phase.

By substituting for the complex terms of ¢," and I'" in
equation 4 and separating it into its real and imaginary
patts, two expressions are obtained, one in terms of ¢,
and the other in terms of ¢".

/ -2 C

e - sing e
wZ,Cy(1 + 2lcosp + )y G

and e = 1-1 ®

wZ,Co(1 + 2Tcosp + I[2)

From equations 7 and 8, the loss tangent, tan§, can be
calculated as follows:

/"
£

tan§ = _.r/_ . )
2
Since Z, is the constant characteristic impedance of the
line and the values of " and ¢ are measured, one only
needs to determine the values of C, and C,, the fringing
capacitances of the line, to determine the dielectric con-
stant, loss factor, and thus the loss tangent of the material
at the end of the open-ended coaxial line.



DETERMINATION OF C, AND C,

The determination of C, and C, can become quite cum-
bersome; however, it is crucial to the measurement tech-
nique (10). The first step is to solve equations 7 and 8 in
terms of the capacitances, C, and C,.

Co=— " r , (1)
wZye, (1 + 2lcosp + ?)
and C; = ~2'sing - ¢lc,. ()

wZOs:/(l + 2Ccosp + I?)

From equations 10 and 11, C, and C, can be deter-
mined through an iterative process. The procedure is to
place materials of known dielectric properties at the end
of the open-ended coaxial line and measure the magnitude
and phase of the reflection coefficient at the end of the
line.

For a first approximation, assume C, equal to zero.
Using equation 10 and measuring the reflection coefficient
of a material with sufficiently high dielectric properties,
calculate a value for C,. Using this value of C,, place a
material with low diclectric properties at the end of the
coaxial line and measure the reflection coefficient. (Using
a low-loss material to calculate the values of C, and C,
may seem to contradict the limitations given earlier; how-
ever, only the ¢ term is used in this procedure.) From
equation 11, calculate a value of C,. Using equation 11,
again, and this new value of C,, calculate a new value of
C, with measured reflection-coefficient data from a mate-
rial with high dielectric properties. This new C,is C ;. In
order to judge whether these values of capacitances are
suitable values of C, and C,, compare C, and C,,. If they
are not equal, the process must be repeated a number of
times using the last calculated values of C, or C;, and C,
until the values of the capacitances converge. It should be
noted that a value of C, and C, must be determined for
each measurement frequency since these quantities are
frequency dependent.

One must be careful when evaluating the values of the
fringing capacitances, for these can determine the success
or failure of the measurement system. This is especially
true when working at frequencies greater than 1 GHz, At
the higher frequencies, a new term must be added into the
equivalent circuit of figure 1 where the capacitance, C,¢,,
must be determined as (C,+Af?¢,’; f is the frequency,
and A is a constant dependent on the dimensions of the

coaxial line and the dielectric properties of the material at
the end of the line. As the frequency increases the wave-
length decreases, and the assumption, Ae,>>(b-a),
(where b is the radius of the outer conductor of the co-
axial line and a is the radius of the inner conductor, see
figure 2) is no longer valid, especially for high-loss mate-
rials and ;=\ /¥'¢,. At this point, the A term given above
becomes significant. For the purposes discussed in this
report, evaluation of the new capacitance term became
necessary at frequencies above 1 GHz and was determined
quite similarly to that described above; however, the
iterations became somewhat more involved.

SELECTION OF REFERENCE MATERIALS
FOR DETERMINING CAPACITANCES

The high-loss materials chosen to determine the fring-
ing capacitance were saline solutions, since their dielec-
tric properties could be calculated as a function of tem-
perature, normality (N), and frequency (11). Two of
the low-loss materials used were cyclohexane, and 1,2-
dichloroethane, which were obtained from the National
Institute of Standards and Technology. Other low-loss
reference materials used were air, trichloroethylene, and

Cross section of a typical coaxial line.




Teflon polytetrafluoroethylene. The dielectric properties
of the trichloroethylene and Teflon polytetrafluorocthylene
were measured previously by a technique developed by the
USBM and compared favorably to referenced data (12).
Saline solutions of normalities other than those nsed to
determine the values of the fringing capacitances were
used to evaluate the accuracy of the measurement pro-
cedure. Table 1 gives the results of 0.2-N saline solution
measured by this technique given the values of C, and C,
calculated from 0.1-, 0.5-, and 0.7-N saline solutions along
with Teflon polytetrafluorethylene, dichloroethane, and
cyclohexane.

DETERMINATION OF DENSITY EFFECTS

Natural minerals come in varied shapes and sizes.
Most minerals are not found in nature as large solid speci-
mens, but as tiny fragments mixed with other minerals

that have to be separated in order to acquire a pure sam-
ple for dielectric property measurements. In the process
of separating the minerals for this study, the samples had
to be reduced to a powder-like substance. However, the
measured diclectric properties of this powdered mineral
did not represent those properties of that mineral found in
its natural state, thus methods needed to be explored for
determining the dielectric properties of a material based
on the given data for the natural or particle density of the
powdered sample.

The U.S. Department of Agriculture (USDA) has been
conducting research on evaluating the dielectric properties
of various materials for several years. During these stud-
ics, the need arose to determine dielectric properties as a
function of density and relate this information to those
properties at a different density (13). After considerable
evaluation, the USBM used this technique and incorpo-
rated the method into its measurement system.

Table 1.—Comparison of dielectric constant and loss factor of measured and calculated
data for a 0.2-N saline solution

Dielectric constant, ¢,

Loss factor, ¢,°

Frequency, MHz Measured Known Difference, Measured Known Difference,
value value pot value valug pet
3607 ..., 71.50 75.86 572 928.29 914.73 1.48
4541 .......... 73.48 75.86 3.12 736.57 726.66 1.36
8716 .......... 74.36 75.86 1.99 584.69 §77.30 1.28
7197 ... 75.14 75.86 0.85 464.34 458.67 1.24
9060 .......... 75.46 75.86 0.51 368.88 364.47 1.21
11406 ......... 75.58 75.88 0.36 293.07 289.68 147
14359 ......... 75.64 75.85 0.28 233.00 230.31 1.17
18077 ... o en 75.74 75.85 0.15 185.33 183.21 1.16
22757 ......... 75.78 75.84 0.08 147.62 145.86 1.21
28650 ......... 75.78 75.84 0.08 117.74 116.29 1.25
36068 ......... 75.81 75,83 0.08 94.14 92.90 1.33
48407 ......... 75.76 75.81 0.08 75.58 74.46 1.46
571864 ......... 75.79 75.78 0.01 €0.81 59,99 1.37
71985 ......... 75.66 76,74 0.1 49.45 48,71 1.82
90588 ......... 75.55 75.87 0.16 40.65 40.02 1.57
1,080.23..... . 78.41 75.59 0.24 35.19 34.63 1.62
1,308.85........ 75.24 7547 0,30 31.08 30.40 2.24
1,64862........ 74.83 75.25 0.56 27.04 26.55 1.85
207549 ........ 74.85 74.90 1.40 23.85 24.08 1.00
261289........ 74.81 74.35 0.62 22.37 22.86 2.14
3,00000........ 74.43 73.88 0.74 2274 22.67 0.31




MATHEMATICAL RELATIONSHIPS

The quadratic dependence of £, and ¢, on density was
expressed by Kent (14) as

ei = cpz +dp + 1, (12)
and e =kp? 4 2p +0, (13)
where p = density of the air-powder mixture,
g, = 1at zero density,
and g = 0 at zero density.

(c, d, k, and £ are constants for a given material at a given
frequency.)

Also, work at the USDA showed that the linearity of
e, with the density of a powdered material can be ex-

pressed as

‘/5_1,-_ =mp +1, (14)
where m = slope of the line,
and p = density of the air-powder mixture.

The dielectric constant for air (p = 0) is unity for the
mixture,

It becomes obvious that when squaring equation 14,
equations 14 and 12 become equivalent, where ¢ = m? and
d = 2m. Thus, if this relationship holds, measurement of
the dielectric constant of a powdered sample at a given
density, along with the p = 0 and ¢ = 1 intercept, pro-
vides enough information for the dielectric constant to
be determined at any density including that of a solid
material.

A linear relationship between a function of the loss fac-
tor and density can also be obtained by completing the
square of equation 13. The result is given by

fer ve = /L x e, (15)
where e = L2/4k.

However, a single measurement will not suffice for the
evaluation of ¢, since the constant e also must be deter-
mined. Two measurements will be sufficient for the deter-
mination of the loss factor; although, as more measure-
ments are taken as a function of density, the evaluation of
the slope term for both the dielectric constant and loss
factor becomes more precise.

EQUIPMENT

The measurement system consists of an open-ended
coaxial line that is connected to a computer-controlled
network analyzer and a mineral sample placed at the op-
posite end of the coaxial cable. The reflection coefficient
at the end of the coaxial cable is measured by the network
analyzer in the frequency range of 300 MHz to 3 GHz,
and the dielectric constant and loss factor of the mineral
can be computed as described in the theoretical section of
this paper. The following sections will describe the net-
work analyzer used in the measurement technique, the
design and construction of the open-ended coaxial line,
and the apparatus constructed to measure the dielectric
properties of powders at different densities and as a
function of temperature.

COAXIAL LINE

Currently, there are open-ended coaxial probes avail-
able that are made specifically for dielectric-property
measurements. Unfortunately, the work reported here was

initiated before these probes were available. Since the
need for a probe or rigid coaxial line evolved in order to
accomplish the tasks of dielectric-property measurements,
the USBM developed and constructed its own coaxial line.
The probe concept is the same as those presently avail-
able; however, the USBM coaxial line functions at elevated
temperatures, The air-filled coaxial line was constructed
of type 304 stainless steel and was fitted with a 7-mm,
automatic-phase-control flange so that it could be easily
connected to the network analyzer. The stainless steel
was chosen for its high electrical conductivity and its low
thermal conductivity, since measurements were to be per-
formed at elevated temperatures. A stainless steel line
also ensured a rigid coaxial cable to enable the measure-
ment of solid samples. The length of the line was 30 cm
and the capability to cool the line with water jackets was
incorporated. Since the maximum operational tempera-
ture of the network analyzer was 50 °C, ensuring a stable
temperature at the network analyzer and coaxial ling inter-
face was very important.



The termination port on the network analyzer had an
impedance of 50 . Thus, for matching purposes, the co-
axial line was designed and constructed to maintain the
50-Q impedance using the following equation (15):

b
oo
z,- ), (16)
o
where e, = dielectric constant of the material that

fills the coaxial line.

To maintain an impedance of 50 1, it was necessary for
the ratio of the outer conductor radius to the inner con-
ductor radius to be 2.3 for an air-fiiled line. It was neces-
sary to insert a thin spacer at the end of the coaxial line.
The purpose of the spacer was twofold: (1) it held the
center conductor in place, and (2) it excluded materials
from the space between the conductors during the meas-
urements. However, the selection of the spacer material
was very important. The material had to have very low
dielectric properties throughout the frequency range of
interest, £, < 3 and ¢ <0.0004, and it had to maintain its
structure and composition at the elevated temperatures.
The material chosen was a Vespel polymer with very low
dielectric properties similar to that of Teflon polytetra-
fluoroethylene but with a higher melting temperature,
~ 500 °C in an inert atmosphere. To compensate for the
Vespel polymer spacer at the end of the line, the con-
ductor ratio in equation 16 was adjusted to maintain the
50-Q impedance. Using 2.1 for the dielectric constant of
Vespel polymer, the radius ratio became 3.54. Thus, the
radius of the inner conductor was reduced by an amount
to maintain this ratio, but only for the end of the line
where the spacer was positioned as shown in figure 3.
Figure 4 is a photograph of the coaxial line constructed for
this measurement method.

The coaxial line was also designed so impedance stand-
ards for calibration of the network analyzer, such as a
short circuit and a 50-Q matching load, could be secured
at its end. Calibrating the network analyzer at the end of
the coaxial line permitted measurements of the reflection
coefficients to be taken at the coaxial cable and mineral
interface. This feature eliminated the necessity of dealing
with signal delays that are inherent in a system when add-
ing an electrical device of a given length away from the
calibration port of the measurement equipment. The same
impedance standards included with the measurement
equipment were used for the calibration at the end of the
coaxial cable. However, the manufacturer’s fittings were
replaced with ones made specifically to fit at the end of
the coaxial line. Also, it should be noted that a shielded
open circuit was not used in these calibrations. Figure 5

15 2 photograph of the impedance standards constructed
for calibration of the test equipment.

Figure 3

Outer conductor

éﬁ Air / ,
VSpocar material & r

§  Center conductor

\

End of the coaxial line where the spacer was placed

Impedance standards constructed for calibration of test
equipment.




NETWORK ANALYZER

The reflection coefficients were measured with an
HP8753A network analyzer in conjunction with an
HP85044A transmission-reflection test set. The network
analyzer supplied a signal to the end of the coaxial Line
through the transmission-reflection test set and measured
the magnitude and phase of the applied and reflected voit-
age by wmeans of a high-resolution synthesized signal
source and a dual-channel, three-input receiver. Compari-
son of these voltages gave the complex reflection coeffi
cieat at the end of the coaxial line. The reflection coef-
ficient could be displayed as real and imaginary parts or
as magnitude and phase in rectangular or polar/Smith
chart formats. In addition, a microprocessor within the
network analyzer could compute the impedance at the end
of the coaxial line. The accuracy of the network analyzer
was determined by the manufacturer to be within =1 pct.
Figure 6 is a photograph of the network analyzer with
the Smith chart display showing the reflection coefficient
of a typical high-loss mineral that behaves like a semi-
conductor.

The network analyzer was controlled by a microcom-
puter that was programmed to transmit the control signals
necessary to sweep the analyzer frequency and record the
veflection-coefficient data at each frequency step. Data
from the analyzer were transmitted to the computer where
they were analyzed to determine the dielectric properties
of the material at the end of the coaxial line. The network
analyzer could also average numerous measurements at
each given frequency throughout the sweep and then trans-
mit an averaged value of both the real and imaginary parts
measured. For the purposes of these experiments, the

Figure 6

Network analyzer in Smith chart display mode.

value of each reflection coefficient was measured 32 times
and averaged.

HEATING DEVICE

The heating device consisted of two, small, semicircu-
lar heaters (figure 7) 7.5 cm in height that, when placed
together, left a 5-cm opening in the center. Also, an "in-
ternal heater” was placed directly above the sample to pro-
vide additional heat, since in some cases the external
heaters were not sufficient to bring these minerals to the
desired higher temperature. The opening provided enough
space for the mineral sample and the coaxial line. The co-
axial line was mounted on a stand that also supported the
heaters. An insulating box, pictured in figure 8, housed
the heaters and coaxial line and was sealed to maintain an
inert atmosphere around the sample during the heating pe-
riod. A positive pressure of argon gas was maintained in
the box to eliminate oxidation of the sample while it was
heated. A Type-K thermocouple was positioned along the
side of the coaxial line to measure the surface temperature
of the material during the heating and measurement cycle.

DENSITY CHAMBER

In order to vary the densities of the powdered mineral
samples and to measure the dielectric properties of the
minerals at various densities, a variable density chamber
was designed and constructed. It was necessary for this
apparatus to provide an easily measurable change in the
mixture density without changing the sample weight inside.
A cylindrical chamber was constructed of a very low-loss
material to ensure that none of the transmitted signal was
reflected from the apparatus, which would interfere with
the dielectric property measurements. The density meas-
urements were accomplished by placing a predetermined
amount of the powdered mineral into the chamber of

Figure 7

Heaters used in the measurement system to heat mineral
samples to temperatures of 325 °C.
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known volume. The floor of the chamber was actually a  Figure 9
piston that provided a volume change inside the density

chamber. The open end of the coaxial line was fitted with

a grounding plane and was secured on the top of the den-

sity chamber. Once the chamber was filled with a mineral Coaxial I P ——
sample, the piston was moved in a vertical direction until oy gupet o m—me—m e SHff e e P
the sample was seated against the coaxial line. The Smith | r656[ 6 o[ loﬁ'Gl

—= To network analyzer

1
|
. L { i
chart display on the network analyzer indicated when the ! il !
coaxial line and the mineral were in electrical contact. The } /) _//// nternal |
movement of the piston floor was calibrated to determine |' 7 !
the volume change inside the chamber. By knowing the | | /e | ) Ceramic
3 . owdered | | || ] i~ chamber
weight and volume of the sample, the density of the sample —T- o, [
powder-air mixture was calculated. Figure 9 is a drawing : L |
that depicts the apparatus including the coaxial line, | B - 3 |
heating device, and density chamber. Figure 10 is a photo- | } :
N . nsulating § |
graph of the density apparatus, and figure 11 is a photo- box | i
graph of the complete measurement system. \i | Calibrated
H jack
!
|
Figure 8 :
o | |
» ! |
: } [ ] Gas inlet
;. [ | —

Holding apparatus constructed for measuring dielectric prop-
erties of minerals as a function of temperature and density.

Figure 10

Insulating box used to house the heating apparatus and
mineral samples to alleviate sample oxidation during the , T———
heating cycle. Density variation apparatus.




10

Figure 11

Complete measurement system.

EXPERIMENTAL PROCEDURE

The procedure used to determine the dielectric prop-
erties of minerals as a function of temperature, density,
and frequency included preparing the minerals for meas-
urement, calibration of the network analyzer, sample
measurement, and data evaluation. The following sections
give a detailed description of each step in the measure-
ment process.

SAMPLE PREPARATION

The minerals selected for measurement were obtained
from various sources such as chemical supply companies,
mineral supply companies, and mines. These minerals
were not pure specimens, but were often found in con-
junction with oiher substances such as quartz. In order to
obtain accurate data on the dielectric properties of the
mineral, this gangue had to be separated from the mineral.
Various methods were used to accomplish this including

the use of Dicer separating tables, which separated the
materials by density differences. These purified minerals
were then crushed to fine powders (<40 pm) to facilitate
the measurement of their dielectric properties as a func-
tion of density. X-ray analysis was performed on each
mineral tested to identify the impurities, if any, and this
information was documented. The particle density of the
purified minerals was ascertained by use of a helium pyc-
nometer, and these results were later used to calculate the
diclectric properties of each mineral at its solid density.

CALIBRATION OF NETWORK ANALYZER

Before the dielectric properties of a mineral could be
measured, the network analyzer had to be calibrated. The
calibration of the system and the measurements were per-
formed at the coaxial line and mineral interface unlike all
other open-cnded coaxial systems where calibrations are




performed at the other end of the coaxial line. The pro-
cedure included setting the upper and lower limits of the
swept frequencies to include only those of interest, and
then calibrating with an open circuit, a short circuit, and a
50-0 matching load. The calibration was checked by reat-
taching the impedance standards and, if within acceptable
limits, stored in the memory of the network analyzer. To
test whether the calibration would be affected by heating
the coaxial line, the impedance standards were attached to
the line and heated to 325 °C. This test indicated that the
calibration was stable over the entire temperature range.
When the calibration of the network analyzer was com-
pleted, the measurement of the dielectric properties of the
minerals could begin.

DIELECTRIC PROPERTY MEASUREMENTS

The entire powdered mineral sample was weighed, a
portion was poured into the density chamber, and the
remainder was weighed again. The difference was the
mass of mineral measured, and this value was entered in
the record. An infinite shorting plane was attached to the
coaxial line and then positioned on top of the density
chamber. The piston was turned to decrease the volume
inside the density chamber until the Smith chart showed
that the coaxial line was in contact with the mineral
sample. At this point, the volume inside the chamber was
recorded and the density of the powder-air mixture was
determined from the mass of mineral and the volume oc-
cupied by the mineral inside the chamber. The insulating
box was then closed and flushed for 20 min with argon gas
to remove as much air as possible from the box so the
mineral would not oxidize while it was being heated.
While the system was being purged with the inert gas, the
dielectric properties of the mineral were measured at
room temperature. This was done through initiation of a
computer program written specifically for the purpose of
remotely controlling the transport of data in the proper
format from the network amalyzer to a disk in the

1

computer. The data were stored on the disk for future
evaluation. The measurement of the diclectric properties
of the minerals at different temperatures was begun after
the insulating box was purged. As described earlier, the
coaxial line was equipped with a Type-K thermocouple
mounted down the length of the line that enabled tem-
perature measurements at the surface of the mineral sam-
ple. Earlier experiments had shown there was no need
to ensure a small temperature gradient within the mate-
rial since the signal from the network analyzer only pene-
trated the surface of the sample, given the small depth of
penetration inherent with high-loss materials, The ther-
mocouple was connected to a programmable, digital tem-
perature controller that monitored the heater outputs to
control sample heating rates. The dielectric properties of
the minerals were measured and saved on disk at 75, 100,
125, 175, 200, 225, 275, 300, and 325 °C, This process was
repeated until the dielectric properties of the minerals
were obtained over the entire temperature range for at
least three different densities.

Following the collection of the dielectric property data,
the data were evaluated. To begin with, the values of the
fringing capacitances had to be determined. The dielectric
properties of saline solutions of known normalities were
measured at room temperature and used to determine the
fringing capacitances by the method previously described.
The values of the fringing capacitances were inserted into
computer programs written to calculate the dielectric
properties of the mineral at each temperature and density.
These data were stored on disks and later used in com-
puter programs written to calculate the diclectric prop-
erties of the mineral at its theoretical density at each
temperature. The calculated dielectric properties of the
mineral at its theoretical density were plotted as functions
of frequency and temperature to demonstrate how the
dielectric properties were affected by the different vari-
ables. Some of these plots are included in the following
section,

RESULTS

The dielectric properties of more than 60 minerals
have been measured by this technique. For every mineral
measured, the measurement frequency was swept from
300 MHz to 3 GHz in 27-MHz intervals. Each mineral
was measured at a minimum of three different densities
and, at each density, dielectric-property data were taken at
temperatures of 25, 75, 100, 125, 175, 200, 225, 275, 300,
and 325 °C. The dielectric properties of the minerals
change with increasing temperature, indicating that the
material’s absorption to microwave energy change as they
were heated. As an example of typical dielectric-property

data, figures 12 and 13 display the measured data in
graphic form for the mineral chalcopyrite, CuFeS, in the
frequency range of 300 MHz to 3 GHz. The data are
shown for temperatures of 25, 100, 200, and 300 °C. The
trends observed in the dielectric properties for chalcopyrite
were similar to those observed in most of the minerals
measured.

Two minerals that did not display similar trends were
chalcocite, Cu,S, and cobaltite, CoAsS. Figures 14 and 15
are graphs of the dielectric constant and loss factor, re-
spectively, of chalcocite as a function of frequency in the
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temperature range of 25 to 300 °C. The dielectric constant
and loss factor of chalcocite increased as expected until the
mineral reached 100 °C, when they started to decrease.
After investigating, it was found that Cu,S experienced a
phase change at about 100 °C, where its crystalline struc-
ture changed from orthorombic to isometric (16). Fig-
ures 16 and 17 depict the dielectric constant and loss fac-
tor, respectively, of chalcocite as a function of temperature
for the two distinct frequencies of 915 MHz and 2.45 GHz.
These graphs illustrate this phenomenon more clearly.
None of the other minerals evaluated displayed similar
characteristics; however, crystalline phase changes of the
other minerals occur at temperatures much higher than
325°C. Similar changes would be expected in some of the
other minerals at higher temperatures.

Figures 18 and 19 are graphs of the diclectric constant
and loss factor of cobaltite as a function of frequency at
33, 100, 200, 300, and 325 °C. Again the dielectric con-
stant and loss tangent are frequency and temperature

dependent; however, in this case there was an anomaly at
450 MHz. The drastic decrease in the dielectric constant
and sudden increase in the loss tangent are probably
caused by a resonance of the material that appears to exist
at this frequency.

Figures 20 and 21 illustrate the method used for extrap-
olating the dielectric properties of the mineral to its theo-
retical, or natural, density given information at other den-
sities. The mineral chosen was chalcopyrite. The values
of the dielectric constant and loss factor were calculated
from the measured data at four densities, 1,18, 1.31, 1.70,
and 2.41 g/cm?. Then, equations 15 and 17 were used to
determine the values of ¢ and ¢ at the natural density
of chalcopyrite, 4.10 g/cm?3, Figure 20 is the plot of the
dielectric constant at 915 MHz as a function of density,
and figure 21 is a similar plot for the loss factor at 915
MHz. The R? (coefficient of determination) values for the
curves in figures 20 and 21 are 0.98 and 0.89, respectively.

Figure 12
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Figure 15
500 T T T T 1 T
~
N \ KEY
W 400 ™ — 25°C -
— \. ............. 'IOO °C
o N e 200 °C |
o 300 . —— 300°C
b= ~..
Q ~.
ﬁ 200 P ‘\\_.%‘ -
g;: .....
100 7
S
0 | | s L u |
0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0
FREQUENCY, GHz
Loss factor of chalcocite at different frequencies and temperatures.
Figure 16
400 T T T T T y T T Al
A
S KEY
V)
- oo 2450 MHz
- N — 915 MHz —
= 300
«
e
(2]
Z
Q | Mee——
0 200 = e i 1
[
5 ..
-
| 100 |-
o
50 1 L i 1 i i 1 i 1
0 100 200 300
TEMPERATURE, °C

Dielectric constant of chalcocite at different temperatures for two discrete frequencies.



Figure 17
250 4 i i I T T ¥ I 14 Y T
~ KEY
&h 200 e 2450 MHz
/9] — 915 MHz
St
150 |- -
o
e | e
o 100} T T Tl J
€ | T T M\
w -------
2] 50 .
S
e
O 1 i 1 | [ 1 i ] H i 1
0 100 200 300
TEMPERATURE, °C
Loss factor of chalcocite at different temperatures for two discrete frequencies.
Figure 18
~, 60 x T T T T ¥ T ¥
W
S .
L S s 2 ,./"\
% 40&- //M ,3' PEEN ,/::: =g
e Ok NN s
9 L\ ................ N N =S
O N\ o N N
o ...' ...............
Q 20
= ¢ - 300°C
8 ............. 100°C __ 395 oC
e N e 200 °C
Lo
P | 1 ] I 1 L 1 i
0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0

FREQUENCY, GHz
Dielectric constant of coballite at different temperatures and frequencies.

15



16

Figure 19
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CONCLUSIONS

The USBM Tuscaloosa Research Center has developed
a technique for measuring the dielectric properties of min-
erals at microwave heating frequencies. This technique
was designed to measure the diclectric properties as a
function of density in the temperature range of 25 to
325 °C. The measurement system is completely computer
controlled and will measure the dielectric properties of
liquids, solids, and powders with loss tangents 20.01. To

date, the USBM has measured the dielectric properties of
more than 60 medium- to high-loss minerals and will con-
tinue to provide basic data on the dielectric properties of
materials at microwave heating frequencies. These basic
data will begin to fill the gap that exists in the literature
on the dielectric properties of minerals and will aid re-
searchers in evaluating new and improved minerals- and
materials-processing techniques using microwave energy.
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APPENDIX.—ABBREVIATIONS AND SYMBOLS USED IN THIS REPORT

fringing field constant

radius of coaxial inner conductor

radius of coaxial outer conductor

density constant for determination of dielectric
constant

fringing capacitance of the line

fringing capacitance of the line

density constant for determination of dielectric
constant

density constant for determination of loss factor

complex dieleetric constant

dielectric constant

loss factor

frequency

magnitude of the complex input reflection coefficient

!

Qo 6 e ZE o

complex input reflection coefficient

imaginary quantity, ¥-1

density constant for determination of loss factor
density constant for determination of loss factor
slope of the line in the density equation ‘
normality '

angular frequency = 2af

phase of the complex input reflection coefficient
density of the air-powder mixture

electrical conductivity at a given frequency

loss tangent

load impedance

characteristic impedance of the coaxial line
wavelength

wavelength inside a material
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